Size is one of the most important biological traits influencing organismal ecology and evolution. However, we know little about the drivers of body size evolution in unicellulars. A long-term evolution experiment (Lenski's LTEE) in which Escherichia coli adapts to a simple glucose medium has shown that not only the growth rate and the fitness of the bacterium increase over time but also its cell size. This increase in size contradicts prominent 'external diffusion' theory (EDC) predicting that cell size should have evolved toward smaller cells. Among several scenarios, we propose and test an alternative 'internal diffusion-constraint' (IDC) hypothesis for cell size evolution. A change in cell volume affects metabolite concentrations in the cytoplasm. The IDC states that a higher metabolism can be achieved by a reduction in the molecular traffic time inside of the cell, by increasing its volume. To test this hypothesis, we studied a population from the LTEE. We show that bigger cells with greater growth and CO 2 production rates and lower mass-to-volume ratio were selected over time in the LTEE. These results are consistent with the IDC hypothesis. This novel hypothesis offers a promising approach for understanding the evolutionary constraints on cell size.
Introduction
Constraints on evolution can have multiple causes, ranging from specific developmental mechanisms (Maynard-Smith et al., 1985; Brakefield, 2006) to broad biophysical processes (Haldane, 1926; LaBarbera, 1990; Barton and Partridge, 2000) . The impact of biophysical constraints on evolution is particularly intriguing as they can shape the phenotypic diversity of life at very broad taxonomic scales, as shown in prominent ecological theories linking morphology and metabolism in metazoans (West et al., 1997 Enquist et al., 1999) . Basic physical traits such as the mass and size of an organism play an important role in these theories. They influence how most biological structures, processes and dynamics covary with each other (Peters, 1983) . Here, we focus on the evolution of size in the bacteria Escherichia coli and on how the interplay of different biophysical constraints can drive its evolutionary trajectory.
Studying the allometric scaling between traits across species provides helpful information regarding the origin of biophysical constraint and their impact on the diversification of phenotypes (Enquist et al., 2007) . The dependence of a given biological trait, Y, on organismal size, M, is known as allometry. Allometric relationships are often characterized by power laws of the form, Y = Y 0 M b , where b is the scaling exponent and Y 0 is a normalization constant that may be characteristic of a given taxon (Moses et al., 2008) . Identifying allometric relationships has been key to elucidate the evolution of body size across the tree of life (Okie et al., 2013) . One of the most debated allometric relationships is between metabolic rate, B, and body size, M. For example, if the scaling of metabolic rate is governed by bo1, increases in size would then decrease the mass-specific metabolism where B/M~M 1 − b . In many organisms, nutrients cannot simply diffuse through the body, there are some constraints limiting the diffusion and transport of nutrients. Metabolic Scaling Theory hypothesizes that the origin of the allometric exponent b results from selection to maximize resource delivery rates which is constrained by diffusion and transport constraints across hierarchical vascular networks (West et al., 1997 ). An open question is if Metabolic Scaling Theory can (i) apply to small, non-vascularized organisms like prokaryotes; and (ii) shed light on the evolution of size in unicellulars. DeLong et al. (2010) highlighted that metabolic rates and growth rate (Kempes et al., 2012; Kirchman, 2015) appear to have strongly covaried with cell size across prokaryote evolution, but the cause of why these scaling relationships appear to have varied have remained elusive. Two biophysical hypotheses for cell size evolution in bacteria were advanced. First, the 'external diffusion constraints' (EDC) hypothesis states that metabolic rates are limited by the rate of nutrient diffusion from the environment to the organism's body. To increase this diffusion rate, selection will act primarily via changes in the cellular surface-to-volume ratio or cell size (Koch, 1996; Schulz and Jorgensen, 2001; Young, 2006) . The growth rate is often limited by the metabolic rate. Hence, higher metabolic rates are expected to be favored by natural selection whenever ecological conditions favors fast growth and fast resource depletion. If the diffusion of nutrients from the environment to the cell is the limiting step (EDC), then a bigger exchange surface (per unit volume of cytosol, that is, a higher surface-to-volume ratio) should be selected. Long-term evolution experiments (LTEEs) performed on microorganisms under various conditions indeed observed an increase in the growth rate associated with a reduction of cell size, resulting in a higher surface-to-volume ratio (Spor et al., 2014; Gounand et al., 2016) . Second, the 'genome size' hypothesis assumes (1) that bigger cells are required to pack more DNA and (2) that more DNA correlates with higher metabolic or division rates. To explain (2), Delong et al. (2010) hypothesize that bacteria with bigger genomes have more genes and thus supposedly larger biochemical networks, enabling the organism to metabolize a greater diversity of substrates. Another possibility to explain (2) is that the growth rate could be transcription limited. In that case, increasing the number of copies of the genome could favor a higher growth rate. Finally, (2) might occur because cell division rate might increase in cells with active replication forks and during times of DNA replication (Weart et al., 2007) .
In their LTEE, Lenski et al. (1991) and Lenski (2001) cultivated E. coli populations for more than 60 000 generations in a simple glucose medium. Along with an increase in fitness and growth rate, a spectacular evolutionary increase in cell size was observed . Compared with the ancestral strain, evolved populations were composed of bigger but fewer cells, showing an overall higher total biomass (Vasi et al., 1994) . Contrary to the EDC hypothesis, a lower surface-to-volume ratio was selected for. Contrary to the 'genome size' hypothesis, changes in cell volume in the LTEE were not accompanied by any substantial change in the genome size or composition (Barrick et al., 2009) . Whether bigger cells from the LTEE contained more copies of the genome was not investigated at that time. The difficulty of explaining the evolution of cell size in the longest ongoing evolutionary experiment can be due to: (i) a focus on the evolution of cell volume whereas selection applies on several-probably interactingtraits (for example, cell mass, cell volume, molecular traffic time in the cell); (ii) unidentified constraints acting upon these traits, and (iii) the interplay of different, sometimes opposing, biophysical constraints.
Diffusion time is considered a pivotal constraint that governs the evolution of body size in metazoans. In this paper, we recast theoretical predictions regarding the evolution of cell size and mass in bacteria, introducing inside-to-the-cell diffusion constraints. Based on these predictions, we tested which combinations of biophysical and ecophysiological constraints are at play by specifically tracking the concomitant evolutionary change in per-capita dry mass and volume in one population from the LTEE, sampled at seven time points (between 0 and 40 000 generations). We re-measured relative fitness, maximum growth rate and cell volume (previously measured by Lenski et al.) and measured additional size-related traits (dry mass, dry mass-to-volume ratio, DNA content per cell and volume-to-DNA content ratio) as well as metabolic rates (per-capita CO 2 production rate and energetic efficiency). These results are consistent with the internal diffusion constraint (IDC), highlighting that specific biophysical constraints may impact the evolution of cell size in unicellulars.
Materials and methods

Bacterial strains and medium
The E. coli strains REL606, REL1164A, REL2179A, REL4536A, REL7177A, REL8593A and REL10938A used in this study correspond to clones from a single population (Ara-1) in Lenski's E. coli LTEE (Lenski et al., 1991) sampled at generation 0, 2000, 5000, 10 000, 15 000, 20 000, 40 000 respectively. In order to perform fitness measures, we introduced the cyan fluorescent protein marker (and yellow fluorescent protein for the ancestral strain REL606) at the RhaA locus in each of these seven strains as detailed in Gallet et al. (2012) .
All cultures were performed in DM250, that is, Davis minimal medium supplemented with 250 μg ml − 1 glucose (7 g K 2 HPO 4 , 2 g KH 2 PO 4 , 1 g ammonium sulfate, 0.5 g sodium citrate; qsp 1000 ml H 2 O; pH was adjusted to 7.0 with HCl as necessary, 806 μl of MgSO 4 2 − (1M), 1 ml of Thiamine 0.2% and 1.25 ml of glucose 20% were added after autoclaving). DM250 is equivalent to DM25 used by Lenski et al. (1991) , but with 10 times more glucose. DM250 was used to increase cell density in the cultures, in order to perform the following measurements with more precision. LB agar plates (10 g tryptone, 5 g yeast extract, 10 g NaCl and 15 g agar per liter of H 2 O) were used for cell concentration estimation.
Growth rate measurement
In the morning, for each of the seven strains, a colony was inoculated in a 50-ml Falcon tube containing 5 ml of DM250 and incubated at 37°C with 200 r.p.m. agitation. In the late afternoon, 2 microliters of each culture was inoculated independently in one of the 60 wells at the center of a black 96-well plate (96F-not treated-Nunc), filled with 200 μl of DM250 (four to nine replicated wells/strain/plate). The 96-well plate was incubated at 37°C in a TECAN Infinite 200 microtiter plate reader (Tecan, Männe-dorf, Switzerland), and fluorescence measured every 15 min. Maximal growth rate (r max ) were obtained by fitting growth curves with the R grofit package. The whole experiment was replicated three times independently. Our measures of relative r max were well correlated (r = 0.94) to those performed on the 12 populations of the LTEE and reported in Cooper et al. (2001) .
Relative fitness measures
The relative fitness of each mutant was estimated by measuring the change in its relative frequency in competition experiments against the ancestor. After an overnight pre-culture, competitions were performed in at least eight independent replicated wells in a 96-well microtiter plate in DM250 at 37°C. The relative frequency of each competitor was estimated by measuring both cyan fluorescent protein and yellow fluorescent protein fluorescence at the beginning and the end of the assay. For an extended description of this fitness measure, see the Electronic Supplementary Material.
Cell volume measurement
Cell size was estimated by flow cytometry. All strains were first grown overnight in DM250 at 37°C under 240 r.p.m. The next day, 50 μl of each culture were used to inoculate 5 ml of DM250 in 50 ml falcon tubes. After 4 h incubation at 37°C under 240 r.p.m., 950 μl of each culture were taken and mixed to 55 μl of formaldehyde 36% (final concentration = 2%). The volume of fixed cells was then estimated by their forward scatter (Volkmer and Heinemann, 2011 ) using a Gallios Beckman Coulter flow cytometer (Brea, CA, USA). In order to minimize potential skewing effects, the mode of forward scatter distributions was used as a descriptive measure of these distributions. The experiment was repeated six times independently. We converted forward scatter values to cell volumes by using three calibration polystyrene beads of volumes: 0.06, 4.19 and 20.6 μm 3 .
Cell DNA content measurement The DNA content of individual cells was measured by flow cytometry. Cells in the exponential phase were fixed with ethanol (75% final concentration) and stained with propidium iodide. The average fluorescence of 10 000 single cells was measured.
Cell size was also measured concomitantly in order to estimate the volume-to-DNA content ratio. Bacterial cells fixation and staining could have affected the estimation of cell size, compared with the previous estimation of this parameter. Supplementary Figure S1 shows that cell size measurements are strongly correlated.
Cell mass measurement
All strains were grown overnight in 1 l Erlenmeyer flasks containing 110 ml of DM250 at 37°C under 240 r.p.m. agitation. A hundred milliliter of each culture were placed in two 50-ml Falcon tubes and centrifuged for 25 min at 7830 r.p.m. in an Eppendorf 5430R centrifuge (Hauppauge, NY, USA) at 7°C. Pellets were re-suspended and placed in 1.5 ml microtubes for an extra centrifugation at 14 680 r.p. m. for 1 min in an Eppendorf 5424 centrifuge. Finally, pellets were re-suspended again in DM250, placed in 10.5 × 9 mm pressed tin capsules (Elemental Microanalysis D1104) and let to dry for at least 48 h at 70°C. Tin capsules were weighed before and after adding the pellet on a Sartorius MC5 microbalance (1 μg readability). Dried pellet weights (total population biomass) corresponded to our measure of energetic efficiency, that is, the efficiency at which nutrients were converted into biomass. To estimate cell weight, dried pellet weights were divided by the cell number in 100 ml of cultures, which was estimated by optical density (OD) measurement (ODs were converted into cell number with standard curves-one standard curve per strain). The whole experiment was repeated three times independently. An independent experiment was run in order to estimate the number of cells per OD unit in DM250 for each strain (seven independent replicates per strain).
CO 2 production rate measurement The per-capita CO 2 production rate (metabolic rate) was also estimated in this experiment. Bacteria were grown overnight in 50 ml Falcon tubes containing 5 ml DM250. The next day, ODs of all seven cultures were measured and 200 μl of each were inoculated in three independent sealed 150 ml plasma flasks containing 20 ml DM250 and closed by a cap. The flasks were incubated in a water bath at 37°C. Air samples from the headspace of each flask were analyzed after 1 and 3 h incubation to quantify CO 2 concentration with a gas chromatograph using a catharometer (VARIAN GC 4900; Walnut Creek, CA, USA). OD was measured just after CO 2 measurements to ultimately assess the final number of cells for each sample. The amount of CO 2 released during this time allowed calculating CO 2 production rate per unit of OD, then per cell, expressed in mol CO 2 per cell per second.
Statistical analyses
All analyses were conducted in R (http://www.rproject.org). We analyzed scaling relationships between size-related traits and metabolic rates using log-log relationships to make them comparable with previously reported relationships (DeLong et al., 2010) and more broadly, to infer metabolic hypotheses about the slope of these relationships (West et al., 1997 (West et al., , 2002 . Standardized major axis regressions were performed with the R smatr package (Warton et al., 2006 (Warton et al., , 2012 .
Recasting hypotheses for the evolution of bacterial cell size
Let us consider the scaling of metabolic rate M in a bacteria cell of size z. Let us consider that the metabolic rate is limited by glucose processing. We have
Indeed, this rate M has to be proportional to the number of glucose molecules that get in. This uptake can scale or not with the cell surface, depending on the mechanism. If it depends on transporters and if increasing the number of these transporters can be done without increasing cell surface, it is simply proportional to the number of transporters and independent of cell size. If on the contrary, it is necessary to increase cell surface to pack more transporters, or if only diffusion matters, then the uptake is proportional to the surface z 2 times a constant c 1 (uptake efficiency per unit surface), which provides a mechanism by which increased cell size could be favored. Since, we aim at explaining how larger cells could be favored, we follow the reasoning with this best-case scenario. Then, the rate M must depend on the number of metabolic effectors E that can process glucose (with a constant c 2 measuring enzymatic efficiency), times the rate of 'encounter' between glucose and effectors. We ignore here the time to produce and maintain these effectors as well as the nutrient uptake necessary to produce them, which is justified since the half-life of those enzymes is much longer than half-life of glucose. The rate of encounter between glucose and effectors can be measured by the inverse of travel time T of the glucose molecule to the enzyme. This travel time depends on the distance that needs to be traveled between the membrane and the effector that will process it. This distance necessarily scales with cell size z: all distances increase in a larger cell. For instance, the mean distance to the membrane of effectors uniformly spread in a spherical cell of radius z is z/4. The mean distance between E uniformly spread effectors is proportional to (z 3 /E) 1/3 = zE
. Hence, we note this distance fz, where f represents a size-independent variable that depends on the number and repartition of effectors. As long established (for example, Edelstein-Keshet, 1989), the distance traveled by a diffusive particle scales with the square root of time times a constant c 3 (that depends on the diffusion coefficient and the dimensionality), we thus have
Hence metabolic rate is simply
where C is size independent and equal to c 1 c 2 c 3 /f 2 . Note however that f may include power of E since travel time in the cytosol is likely to decrease with the number of effectors, so that the overall power of E in Equation (3) may be larger than one. This equation indicates that the metabolic rate does not directly depend on cell size since the increased input of glucose that increases with surface (size squared) is offset by the travel time of glucose which is also increasing with the square of size. This is the bestcase scenario. When more glucose transporters can be added without the requirement of a larger cell surface, this rate would scale with the inverse of cell surface.
Hence, in the best-case scenario, increased M can be either achieved by a larger constant C or by increasing the number of effectors E, which is expected to increase weight. If there is a cost to build and maintain the membrane (pores, membrane transporters, etc.), it must increase with the surface of the membrane and hence the square of size. As a consequence, without considering variation in C, the expectation is that selection pressures to increase metabolic rates and/or the growth rate would consist in decreasing size (to reduce costs related to the membrane, while achieving the same metabolic rates) and increasing weight (that is, E, the number of effectors), until the marginal fitness benefit of increasing the number of effectors for increased metabolism, becomes equal to the fitness cost of production of new effector, or some spatial limit is reached to simply pack all essential molecules within the cell. There are two broad possible hypotheses to reverse this conclusion and expect an increase in cell size to increase metabolic rate: (1) the space limitation and (2) the IDC scenarios.
The space limitation scenario Under this scenario, metabolism is limited by the number of effectors. Here, bigger cells would evolve to fit those effectors and the machinery required to produce and maintain them. When transcription is the limiting step, the best way to increase the production of effectors is to increase the number of the copies of the genome. Many bacteria are known Evolution of cell size in unicellulars R Gallet et al to have multiple copies of their chromosomes in the exponential phase, making this hypothesis plausible. Here, cell size would evolve, simply because it is necessary to increase cell size to fit those extra chromosome copies within the cell. These different possibilities all directly assume ∂E ∂z > 0 and we expect that metabolism increases with cell size.
A consequence of having more metabolic effectors and possibly more DNA is that the mass of the cell should increase as well. Thus, a tight and positive relationship between DNA content, cell volume, cell mass and metabolic rates should be observed. However, DNA content and/or cell weight should increase first in the LTEE and later (or at best concomitantly) cause an adjustment of cell size to maintain a nearly constant mass/volume or DNA content/volume ratio.
The IDC Scenario 1: molecular crowding Reducing size and/or increasing the number of effectors may also change the physical properties of the cytosol. Increased macromolecular crowding in the cytosol (scaling as E/volume) is known to increase within-cell traffic times (Ellis, 2001; Schulz and Jorgensen, 2001; Golding and Cox, 2006; Ando and Skolnick, 2010) . As a first order approximation, let us assume that the glucose diffusion coefficient is linearly varying with E/z 3 , with a slope c 4 . Metabolic rates are now becoming dependent on size:
Hence, as long as glucose diffusion coefficient decreases when cytosol concentration (that is, macromolecular crowding) increases (that is, c 4 o0), metabolic rates are expected to increase with cell size. Diffusion coefficient of small molecules like glucose may not be strongly impacted by macromolecular crowding compared with larger ones (Verkman, 2002) . However, the same effect would occur if the metabolic rate is limited by diffusion of macromolecules (RNA, proteins). Overall, in this scenario, the mass-to-volume ratio is expected to decrease through time in the LTEE.
The IDC Scenario 2: cell shape Glucose travel time can also be altered for other reasons than variation in the diffusion coefficient of glucose. In particular, glucose travel time in the cytosol can also be reduced if metabolic effectors are found closer to the membrane (that is, E(f) becomes smaller), everything else being constant. This might be achieved if, for instance, cell shape varies. Consider that the cell shape is an ellipsoid elongated in one direction, with semi-axes length being (c 5 z; c 5 z; z=c 2 5 ), so that it has the same volume as a sphere of radius z. If c 5 = 1, we have a sphere and the average distance of uniformly distributed effectors to the membrane is 0.25, as mentioned above. If c 5 o1, the cell becomes elongated, and this average distance decreases. For instance, with c 5 = 0.8, such that the cell is twice as long in the elongated direction, this average distance is 0.227. Hence, elongating the cell geometrically reduces the average distance of effectors to the membrane, but this effect is independent of cell size. This scenario would predict more elongated cells, but not necessarily cells with larger volumes, and is therefore not likely to explain increased cell size in the LTEE.
The IDC Scenario 3: cell compartmentalization Another possibility to increase metabolic rate might be that enzymes can be better packed and immobilized close to the membrane, which would reduce travel distance to effectors, everything else being constant. Here again, the effect is likely to be independent of cell size. However, this 'compartmentalization' of effectors closer to membranes might be easier to achieve in a larger, spatially less constrained, cell. For the same reason, microcompartmentalization and metabolic channeling (Welch and Easterby, 1994; Beg et al., 2007) might be easier to achieve in a larger cell. In both cases, we would have ∂f =∂zo0 and
In this scenario too, there might be a selection pressure to increase cell size in order to achieve a higher metabolic rate. Here, the weight-to-volume ratio is expected to decrease in the LTEE, and if observable, effectors should tend to occur closer to membranes in larger cells.
Results
We found an increase in cell volume, cell dry mass, total population biomass, DNA content, volume-to-DNA content ratio, relative fitness, growth rate, percapita CO 2 production rate over the 40 000 generations of the experiment (Figure 1 ). They increased steadily through time (except for the volume-to-DNA content ratio which started to increase and then stayed relatively constant), with an acceleration between generation 20 000 and 40 000 for cell volume, DNA content and relative fitness. Meanwhile, the cell dry mass-to-volume ratio decreased over time. Growth rate, per-capita CO 2 production rate, total population biomass, DNA content and cell volume were positively correlated to fitness while the cell dry mass-to-volume ratio was negatively correlated (Table 1) . Cell dry mass increased less consistently than the other measured traits (Figure 1b) and was not correlated to fitness (Table 1) .
Next, we analyzed scaling relationships between size-related traits and metabolic rates. We found no scaling relationship between per-capita CO 2 production rate and cell dry mass (Figure 2a ) or per-capita CO 2 production rate and cell volume-to-DNA content ratio (Figure 2d ). Conversely, we found a significant scaling relationship between per-capita CO 2 production rate and cell volume with a scaling slope not different from 1 (Figure 2b) . The per-capita CO 2 production rate also scaled negatively with the massto-volume ratio (Figure 2c ). We obtained similar trends with the scaling of maximum population growth rate (r max ; Figures 2e-h) and energetic efficiency (total biomass; Figures 2i-l) .
Discussion
To understand which constraints are directing the evolution of cell size, we tracked the evolution of several key biological traits in the LTEE. These included dry mass, per-capita dry mass-to-volume ratio, total population biomass, DNA content, volume-to-DNA content ratio and CO 2 production rate traits that have not been explored previously in the LTEE or other experiments (Hindré et al., 2012) . Figure 1 Trajectories of size-related (a-e), metabolic rates (f, g), maximum population growth rate (r max ) (h) and selection coefficient (i) of the Ara-1 population in the LTEE. Each dot represents mean values (± s.e., when applicable). Pearson's coefficient correlation; NS = not significant; *Po0.01; **Po0.001; ***Po0.0001.
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This multi-trait approach allowed us to test our qualitative predictions about the biophysical and ecophysiological constraints that act on the evolutionary trajectory of cell size. An increase in cell volume, growth rate and relative fitness were previously observed in the LTEE Wiser et al., 2013) . Our results confirmed these observations. The fact that growth rate and cell volume were positively correlated to fitness also corroborates previous results showing that both traits are under selection in this experiment Mongold and Lenski, 1996) . We attribute the acceleration in the increase of cell size and fitness to the occurrence of a mutator phenotype at generation 26 500 in this population (Wiser et al., 2013) . In addition, here we revealed a striking increase in the per-capita CO 2 production rate, energetic efficiency, cell mass, DNA content and volume-to-DNA ratio and decrease in cell mass-to-volume ratio over the course of the LTEE. Interestingly, CO 2 production rate, energetic efficiency, DNA content, volume-to-DNA content ratio and mass-to-volume ratio were highly correlated to fitness whereas cell mass was not (Table 1) .
The selection of a higher growth rate during the LTEE was probably due to the fact that the E. coli strain REL606 had to adapt from a lifestyle where it had to survived in stab cultures, to a new lifestyle where it was competing for glucose in a liquid culture medium (Daegelen et al., 2009) . In other words, this bacterial strain had to adapt to a new environment in which growth rate and fast resource consumption was under selection. Investigating scaling relationships between size-related traits and metabolic rates can provide insights into the biophysical and ecophysiological constraints that act on phenotypes (Enquist et al., 2007; Glazier, 2010) and more broadly on the mechanisms that regulate body size evolution (Kempes et al., 2012; Okie et al., 2013) . Here, such analysis could help understand why cell size, metabolic rates and fitness correlate positively. Our analyses of metabolic scaling relationships in the LTEE highlighted a volume-based, rather than a mass-based (DeLong et al., 2010) , scaling for whole-cell metabolism (cell mass was seldom assessed in previous studies since a dry mass-to-volume ratio of one was systematically used to convert volume to dry mass (DeLong et al., 2010) ). However, our results indicate that this assumption is not upheld in the E. coli. We used these metabolic scaling relationships to explore two alternatives, the space limitation and the IDC scenarios.
Under the space limitation scenario, space is the only factor limiting metabolic rates. Thus, if an increase in cell mass (more effectors) and/or DNA content is necessary to reach higher metabolic rates, cell volume should increase accordingly and the mass/volume and/or DNA/volume ratio stay nearly constant. Table 1 shows that cell mass does not correlate significantly with cell volume or metabolic rates which discard the hypothesis that cell size Figure 2 Scaling allometry relationships: size-related traits against CO 2 production rate (a-d), maximum population growth rate (r max ) (e-h) and energetic efficiency (i-l). Standardized major axis regressions, appropriated to the analysis of scaling relationships (Warton et al., 2006 (Warton et al., , 2012 , are shown when significant (gray lines). Variables were log-transformed for the study of allometric relationships (see Figure 1 for non-transformed values and unit information).
Evolution of cell size in unicellulars R Gallet et al increased to only fit more effectors. However, Table 1 also shows significant positive correlations between DNA content, cell size and metabolic rates (Table 1) , which could indicate that the DNA content actually drove the increase in metabolic rates and cell size. Nevertheless, the evolutionary trajectory of the volume-to-DNA content ratio contradicts this conclusion. It shows that between generation 0 and 2000, that is, when the fitness increase was the most important, the volume of the cell increased three times faster than the DNA content. In other words, cell size did not only increase to fit more DNA, but for a different reason. Thus, the space limitation scenario (for DNA or effectors) is not sufficient to explain the increase in cell size that we observe. Overall, while the EDC and the space limitation scenarios seem to be good predictors of cell size of unicellular organisms at the interspecific level (DeLong et al., 2010) , our data show that these theories cannot fully explain the evolution of cell size in the LTEE.
As expected under the IDC scenario, we found that cell volume (×4.76 after 40 000 generations) increased faster than cell mass (×2.25), indicating that cell volume has not evolved simply to compensate the increase in cell mass. This shift of the cell mass-to-volume ratio scaled with all metabolic rates (CO 2 production rate, growth rate and metabolic efficiency) and fitness, suggesting that it was adaptive. This shift-in complete accordance with the predictions given by the IDC-occurred between generation 0 and 10 000, when the fitness and metabolic rates showed the highest increase. Everything else being equal, such a change in the dry mass-to-volume ratio could result in reduced macromolecular crowding in the cytosol (as the cell volume increased faster than the mass, see Equation (5)) or a better packing of metabolic effectors near membranes (as the membrane surface also increased faster than the mass, see Equation (6)). In both cases, such a change would shorten metabolite traffic time and hence increase metabolism and fitness (Beveridge, 1988; Koch, 1996; Schulz and Jorgensen, 2001; Golding and Cox, 2006; Young, 2006; Beg et al., 2007; Ando and Skolnick, 2010; Dill et al., 2011) . Thus, we interpret the strong increase in cell volume in the LTEE as resulting from internal diffusion constraints. Under the IDC hypothesis, cell volume would increase to (1) fit more effectors in the cell and (2) to reduce the dry mass-to-volume ratio (by a factor 2.11); two requirements to achieve higher metabolic rates. Selection would favor bigger cells, as packing more effectors than small ones would enable cells to better exploit and deplete glucose. As a result, the cell lag phase would then be reduced. In addition, such cells would have less concentrated cytoplasm allowing faster chemical reactions and higher metabolic efficiency. Further exploration of this idea would require fine-scale within-cell metabolic measures. Studying cell shape variation could also be worth investigating in the light of the theory outlined in this paper. In any case, our findings point to the importance of other physical constraints, rather than the usual constraints based on cell geometry associated with variation in the surfaceto-volume ratio. Internal diffusion constraints may be particularly important when selection applies on growth rate, that is, when metabolic rates are important.
Our findings illustrate the combined importance of biophysical and ecophysiological constraints to understand the evolution of morphology (Lynch et al., 2014, and our Figure 3 ), in addition to the more classical evo-devo constraints (Brakefield, 2006) . Biophysical constraints related to allometric relationships are often considered as 'universal' constraints in interspecific comparative biology West et al., 1997 West et al., , 1999 West et al., , 2002 . They also seem to play a key role in the evolution of traits at the intraspecific level, as theoretically envisioned (Shoval et al., 2012) . Finally, our findings opens the intriguing possibility that, while body size of metazoans appears mostly constrained by external diffusion in allometry theories (Damuth, 2001; Brown et al., 2004; DeLong et al., 2010; Glazier, 2010) , cell size of microbes (bacteria, fungi, algae, etc.) would be constrained in a different way, by a combination of internal and external diffusion constraints. Such a difference is perhaps not entirely unexpected: in metazoans, each cell type has its optimal shape and size to perform a specific function, and increasing body size primarily requires Figure 3 The role of biophysical constraints in the genotype to phenotype to fitness map. Sketch of the cascading effects on metabolism, growth rate and fitness of modification of cell morphology (size, mass). First, cell size modification changes the surface-to-volume ratio and, hence, nutrient uptake (green arrows). This is the consequence of a physical constraint caused by diffusion from/to the external environment. Second, both cell size and cell mass change cell density (blue arrows) and hence internal density that impacts the rate of nutrient processing (internal diffusion constraint due to inner molecular crowding). Both nutrient uptake and processing impact growth rate and fitness.
Evolution of cell size in unicellulars R Gallet et al increasing the number of cells. Therefore, the metabolism of metazoans is mostly limited by EDC, and the intensity of this constraint is proportional to the number of cells and vascularization. In unicellular organisms, where body size is the same as cell size, the metabolism is limited by EDC and IDC the effects of which are opposite on cell size. The balance between these two biophysical constraints may differ according to the ecology of the organism, or whether growth rate is under selection or not. Biophysical constraints may also vary between prokaryote and eukaryote unicellulars, since the latter have compartmentalized cytoplasms where reactions are likely to be less dependent on diffusion time in the cytosol. This theory may thus help to explain the differences observed for metabolic scaling with size in these different unicellular organisms (DeLong et al., 2010) , which opens a wide range of possible empirical tests.
